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Summary
Background: In Drosophila embryos, the midblastula transi-
tion (MBT) dramatically remodels the cell cycle during the
14th interphase. Before the MBT, each cycle is composed of
only a short S phase and mitosis. At the MBT, S phase is
dramatically lengthened by the onset of late replication, and
a G2 phase is introduced. Both changes set the stage for
gastrulation and require downregulation of Cdc25 phospha-
tase, which was previously attributed to the elimination of its
transcripts at the MBT.
Results: Premature removal of cdc25 transcripts by RNAi did
not affect progression to the MBT. Instead, an antibody
against the Cdc25 isoform Twine showed that Twine protein
was abundant and stable until the MBT, when it was destabi-
lized and rapidly eliminated. Persistence of pre-MBT levels
of Twine was sufficient to prevent cell-cycle slowing. Twine
protein destruction was timed by the nucleocytoplasmic ratio
and depended on the activation of zygotic transcription at the
MBT, including expression of the gene tribbles, whose activity
was sufficient to trigger Twine destruction and was required
for prompt Twine disappearance.
Conclusions:We propose that the developmentally regulated
destruction of Twine protein is a critical switch that contributes
to the cell-cycle change at the MBT, including the addition of
a G2 phase and onset of late replication. Moreover, we show
that this destruction is triggered by the nucleocytoplasmic
ratio-dependent onset of zygotic transcription of tribbles and
other unknown genes.
Introduction
When the Drosophila embryo is first fertilized, its development
is entirely controlled by a program orchestrated by its mother.
Its nuclei sit transcriptionally silent in a vast syncytial cyto-
plasm packed with transcripts and proteins funneled in during
oogenesis. Nuclei divide rapidly, on a dedicated mission to fill
the expansive cytoplasm with enough DNA so that zygotic
transcription can, when it is later activated, direct develop-
ment. The nuclei progress directly from DNA replication to
mitosis and then back again without pausing in gap phases.
Even replication is fast during these cycles. Though some later
S phases will take up to 8 hr, these earliest S phases range
from only 3.4 to 12 min. Then, at the midblastula transition
(MBT)—the first major developmental transition after fertiliza-
tion—the embryo takes control of its own development.
Cellularization envelops each nucleus in a cell membrane, so
it no longer mingles with a massive cytoplasm. Many mater-
nally loaded messages are degraded, while zygotic transcrip-
tion fills each cell with embryonically derived messages. Cells*Correspondence: ofarrell@cgl.ucsf.eduscramble to organize themselves as they begin to gastrulate
and differentiate into precursors of their eventual tissues.
Finally, the cell cycle slows drastically, in concert with these
other developmental processes, through two mechanisms.
First, the length of DNA replication is dramatically extended
by nearly 4-fold at the MBT, to approximately 50 min, largely
because sequences that replicated simultaneously before
the MBT now replicate in a distinct and structured order [1].
Second, cells no longer enter mitosis immediately after
completing replication—instead, they pause in a G2 phase of
variable length, determined by each now-distinct cell [2].
Both changes have been linked to MBT-associated decline
in Cdc25 activity. Cdc25 phosphatase activates the major
mitotic kinase, Cdk1, by removing inhibitory phosphates
from its ATP-binding pocket [3]. In Drosophila, Cdc25 exists
as two homologs—String and Twine—whose transcripts are
abundant before the MBT [4]. Both homologs are functionally
similar, though Twine is specifically required for the meiotic
divisions [5, 6]. In pre-MBT embryos, both String and Twine
are present, and maternal string is dispensable [4]. Following
the MBT, the soma expresses only string; thus, it is required
for subsequent mitoses. String protein levels decline gradually
over the pre-MBT blastoderm cycles, eventually vanishing
shortly before the MBT [7]. Moreover, maternally loaded tran-
scripts encoding both String and Twine turn over at the MBT,
during cycle 14 [4].
Cdc25 downregulation allows Cdk1 kinase to accumulate
inhibitory phosphorylation in cycle 14, leading to its inactiva-
tion [7]. One consequence is the addition of the G2 phase in
cycle 14. When cells finish replication, they cannot enter
mitosis until Cdk1 activity is restored by zygotic expression
of cdc25, specifically string, which removes inhibitory phos-
phates from Cdk1 and activates it. Premature heat-shock
expression of string is sufficient to cause cells to exit G2 and
enter mitosis [2]. Our lab recently showed that S phase length-
ening at the MBT also requires decline in Cdc25 and Cdk1
activity at the MBT [8]. Increased String or Twine in cycle 14
shortened post-MBT S phase by stimulating late-replicating
sequences to replicate early. Premature downregulation of
Cdk1 before the MBT extended the duration of replication in
normally short S phases. Thus, downregulation of Cdc25 and
consequent inhibition of Cdk1 seem to regulate the length of
embryonic S phase. Given the importance of Cdc25 downre-
gulation, we wanted to explore its mechanism and timing.
Results
Premature Destruction of cdc25 Transcripts Does Not
Slow the Cell Cycle
Previous reports had noted destruction of cdc25 mRNA (both
string and twine) in interphase 14 and attributed the decline in
Cdc25 activity and slowing of the cell cycle to this [4]. To test
whether decline in cdc25 transcripts was sufficient to lengthen
the cell cycle, we used double-stranded RNA (dsRNA) against
both string and twine to eliminate these transcripts prema-
turely. The dsRNAs elicited strong knockdown within 25 min
(Figure 1A). Histone-GFP embryos [9] were injected with the
dsRNAs 45 min before cycle 12, but imaging revealed no
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Figure 1. RNAi against string and twine Does Not Lengthen the Cell Cycle
(A) RT-PCR of string and twine in embryos injected with combined dsRNA
against string and twine shows that the dsRNA triggers near-complete
destruction of these transcripts by 25 min after injection.
(B) The length of interphases 12 and 13 was measured by H2AvD-GFP in
uninjected embryos and embryos injected with dsRNA against string and
twine 45 min before cycle 12.
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119change in the length of either interphase 12 or 13 (Figure 1B).
This indicates that the elimination of string and twine tran-
scripts is insufficient to trigger the cell-cycle change that
defines the MBT. Given the evidence that Cdc25 downregula-
tion is important at the MBT, this suggested its regulation was
at another level.
Twine Protein Is Degraded at the MBT
String protein declines during the blastoderm cycles, well
before the MBT, making it an unlikely candidate for triggering
the cell-cycle change [7]. However, the behavior of Twine
protein at theMBT had not been studied, so to test it, we raised
an antibody against full-length Twine (see Figure S1 available
online). We probed the behavior of String and Twine proteins
in the early embryo by performing a western blot on precisely
staged single embryos [1]. String protein behaved as previ-
ously described—its level was highest in cycle 8 and declined
gradually (Figure 2A), becoming very low by cycle 12, though it
was not completely eliminated until cycle 14. Twine protein,
however, behaved quite differently. Its levels remained consis-
tently high throughout the pre-MBT cycles, and it began to
decline only upon entry to cycle 14. At that point, however,
Twine levels dropped precipitously; a slight decrease was
evident 4 min into cycle 14, and Twine became almost unde-
tectable after 20 min.
By immunofluorescence, Twine exhibited strong nuclear
localization during interphase and prophase (Figure 2B) and
weak spindle enrichment during metaphase and anaphase
(Figure 2C). Spindle localization may be relevant to Twine’s
requirement in meiosis, given that its mutant phenotypes
include defects in meiotic spindles [5]. Immunofluorescence
also confirmed Twine’s destruction during cycle 14. During
interphase 14, cellularization of the syncytial embryo results
in highly stereotyped elongation of the nuclei. Thus, in sagittal
sections of embryos, age can be determined by nuclear length[1]. Twine antibody stained nuclei at the beginning of cycle 14
about as intensely as in pre-MBT cycles (Figure 2D). Note that
the yolk, pictured directly below the nuclei, fluoresces, but this
does not represent staining of Twine protein. As cycle 14 pro-
gressed, evidenced by the lengthened nuclei, Twine staining
diminished from 2 to 21 min, in accord with our analysis by
western blot. The stainings revealed an interesting exception
to the cycle 14 destruction of Twine: Twine persisted in the
pole cells (Figure 2E, closed arrowhead) after its disappear-
ance from somatic cells (open arrowhead). We conclude that
Twine protein level declines abruptly in the soma early in
interphase 14.
Twine Protein Is Highly Stable before the MBT
The decline in Twine protein levels could represent either
a change in protein stability at the MBT or a decrease in trans-
lation that results in elimination of already unstable protein. To
differentiate between these possibilities, we knocked down
twine transcript several cycles early by dsRNA injection (Fig-
ure 1A). Embryos injected with twine dsRNA retained at least
half their protein for as much as 1 hr after injection (Figures
3A–3C, 64 min versus 1/2 pre). Because twine mRNA was
effectively removed by 25 min after injection, this means
that, before the MBT, half-destruction of Twine requires
approximately 30 min or more.
We separately investigated Twine protein stability before the
MBT by assaying its persistence following the inhibition of
translation. We injected cycle 12 and 13 embryos with cyclo-
heximide, an inhibitor of translation, aged them, and then
blotted single embryos to measure remaining Twine protein.
Embryos treated with cycloheximide in cycle 12 showed
almost no change in protein level after treatment—even
50 min later, embryos did not seem to have significant degra-
dation of the protein (Figure 3D). Embryos treated in cycle 13
exhibited slightly different behavior—there was gradual
destruction of Twine (Figure 3E). We conclude that Twine
stability changes as the embryo approaches the MBT. It is
stable in early cycles and half-destruction of Twine takes
about 30min in cycle 13 (Figure 3, compare 30 or 31min versus
50 or 60 min). The dramatic decline in its levels in cycle 14
suggests a much shorter time for half-destruction after the
MBT, around 5 min (Figure 2A, compare 4 min versus
10 min). Thus, Twine protein is destabilized at the MBT, likely
due to the activation of a protein-destruction mechanism.
Moreover, Twine’s stability before the MBT explains why
dsRNA against string and twine did not affect the cell
cycle—removal of cdc25 transcripts does not eliminate Twine
protein.
We previously established that expression of Twine in cycle
14 prevents the MBT changes to the cell cycle—both short-
ening S phase and eliminating the G2 [8]. To estimate how
essential activation of Twine destruction is for development,
we wanted to compare the level of Twine required to shorten
the cell cycle to the amount present before the MBT. Thus,
we injected different concentrations of twine mRNA into
histone-GFP embryos and assayed the percentage with a
shortened cell cycle. Increased twine mRNA resulted in
increased phenotype penetrance (Figure 3F). We then injected
embryos with twine mRNA and blotted them to assay the
amount of Twine protein produced by each treatment, com-
pared to pre-MBT embryos. Increased twine transcript re-
sulted in increased production of Twine protein (Figure 3G).
Injection of 600 ng/ml twinemRNAproduced slightly less Twine
protein in cycle 14 than was present before theMBT, but it was
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Figure 2. Twine Is Destroyed in Cycle 14, Later Than String
(A) Western blot of single embryos, showing the destruction of String (Stg) and Twine (Twe). Embryos are labeled with their cycle number (determined by
nuclear spacing) and either cell-cycle stage (I, interphase; M, mitosis) or nuclear length (mm) and calculated time (min) if they are in cycle 14.
(B) Twine localization during interphase and prophase. DNA (PicoGreen dye) is shown in magenta; Twine (anti-Twe) is shown in green.
(C) Twine enrichment on the spindle during metaphase and anaphase. Tubulin (anti-tubulin) is shown in green, Twine (anti-Twine) is shown in red, and DNA
(Hoechst) is shown in blue.
(D) Twine destruction over the course of cycle 14. Twine (anti-Twe) is shown in green, and DNA (PicoGreen dye) is shown in magenta. Micrographs are
labeled with nuclear length (mm) and calculated time in cycle 14 (min). Staining of Twine is the signal that colocalizes with nuclei, whereas signal below
the nuclei is fluorescence of the yolk.
(E) Twine is destroyed later in the pole cells (solid arrowhead) than in the somatic cells (open arrowhead). Twine (anti-Twe) is shown in green; DNA
(PicoGreen) is shown in magenta.
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120sufficient to cause a cell-cycle phenotype in nearly half of
treated embryos. This underscores that the timed destruction
of Twine protein is critical for executing the MBT, because the
amount of Twine protein present before the MBT prevents
proper slowing of the cell cycle.
Twine Is Destroyed According to the Nucleocytoplasmic
Ratio
Given that the MBT is exquisitely timed and that Twine
destruction is important for triggering it, how then is the
destruction of Twine scheduled? Slowing of the cell cycle is
timed in Drosophila embryos by the nucleocytoplasmic ratio
(NC ratio)—that is, its activation occurs when the embryo,
through DNA replication and mitosis, amasses a particular
amount of DNA. Normally, this threshold is reached in cycle
14, but this can be altered by changing the DNA content of
each nucleus (e.g., with compound chromosomes or translo-
cations), which changes the number of cell cycles required
to amass the threshold amount of DNA and trigger the cell-
cycle change [10, 11]. Because the NC ratio times the cell-
cycle slowing, we tested whether it also times Twine
destruction by looking in two maternal-effect mutants, mh
and ssm, that produce haploid embryos (here called mh
embryos and ssm embryos) [10–14]. These embryos do not
incorporate the paternally provided chromosomes into the
initial mitotic spindle, so they are lost, and each nucleus has
half the normal amount of DNA [14, 15]. These embryos
lengthen interphase and S phase 15 instead of 14 [10].Western blots showed that Twine remained stable during
cycle 14 in mh and ssm embryos (Figures 4A and 4B). An
extended time course in ssm embryos showed Twine persis-
tence in cycle 14 with a decline in cycle 15 similar to that which
usually occurs in cycle 14 in wild-type embryos (Figure 4B).
Twine antibody staining of ssm embryos (Figure 4C) showed
that levels remained high throughout cycle 14 and into early
15 and then declined over the course of cycle 15 (5.9 mm and
6.7 mm), all as seen by western blot. These results show that
the timing of Twine destruction is determined by the NC ratio,
because it is delayed a cycle when the DNA content of the
embryo is reduced.
We also performed an experiment to see whether embryos
had to reach a particular NC ratio to activate destruction of
Twine protein. To do this, we arrested the cell cycle using
injection of dsRNA against the mitotic cyclins, which pre-
vented embryos from entering mitosis (and thus subsequent
S phases) [16]. We arrested embryos in both cycles 12 and
13, meaning that those embryos never amassed cycle 14
amounts of DNA. Following their last mitosis, the embryos
were aged for a length of time equivalent to that required to
enter cycle 14, when Twine is normally destroyed in wild-
type embryos. We assayed levels of Twine in these embryos
and found that embryos arrested in cycle 13 eventually
destroyed Twine rapidly, much as would have been seen in
cycle 14 (Figure 4D). Embryos arrested in cycle 12, however,
only showed gradual destruction of Twine, rather than
the rapid destruction characteristic of the MBT. Thus, we
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Figure 3. Twine Protein Is Relatively Stable until the MBT, and Pre-MBT
Twine Level Causes a Penetrant Phenotype
(A–C)Western blots of embryos treatedwith twineRNAi, showing that Twine
protein level does not depend on continued translation of its mRNA.
Controls: a pre-MBT embryo (pre), a 1:2 dilution of that embryo (1/2 pre),
and an embryo in cycle 14 after Twine destruction (late). Embryos were
injected at different times; aged for the time marked above each lane; and
picked in cycle 11 (A), cycle 12 (B), or cycle 13 (C), as gauged by nuclear
distance.
(D and E) Blots showing stability of Twine protein after injection with cyclo-
heximide (CHX), an inhibitor of translation. Dilutions of an uninjected embryo
are shown (1:1, 1:2, and 1:4). Embryos were injected with CHX in cycle 12 (D)
or cycle 13 (E) (and thereby arrested in that cycle) and aged for the number of
minutes indicated above the lane before being picked.
(F) H2AvD-GFP embryos were injected in one end with twine mRNA at
varying concentrations and imaged to determine how many embryos
underwent a shortened S phase or G2 as a result.
(G) Western blot of Twine in embryos, either before the MBT (pre-MBT) or
15 min into cycle 14, injected with twine mRNA at varying concentrations.
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121conclude that cycle 13 nuclear density in a diploid embryo
triggers the events that, after a short lag, result in the destruc-
tion of Twine in cycle 14.
Twine Destruction Does Not Require Chk1
Phosphorylation
But how does the NC ratio trigger the destruction of Twine?
Data from several systems suggested that gradual activation
of Chk1 DNA damage kinase as DNA content increased
could be responsible. For instance, in Xenopus, Cdc25 must
also be inactivated to slow the cell cycle at the MBT, including
the Cdc25A isoform, which seems to be targeted for degrada-
tion by Chk1 phosphorylation [17]. Chk1 targeting of Cdc25A
for destruction is also conserved to mammals [18]. In
Drosophila, maternal grapes (Chk1 homolog) is required for
cell-cycle slowing at the MBT [19, 20], and String protein
does not decline on time in grapes mutant embryos [21].Thus, it seemed that Twine’s destruction may also depend
on phosphorylation by Chk1.
To test this, we assayed Twine destruction in grapes
mutants by western blot. We confirmed that String protein
was stabilized in a grapes mutant (Figure 5A), as reported
previously [21]. Twine protein was also stabilized, persisting
at high levels for more than 40 min, far longer than in a wild-
type embryo. These findings suggested that degradation
of Twine may require phosphorylation by grapes. However,
the grapes mutant is highly disturbed, and the embryo
arguably never truly starts an interphase 14—for instance,
grapes embryos do not activate zygotic transcription, do not
cellularize, and do not attempt to gastrulate [22].
Mutation of maternal mnk (the Drosophila homolog of
Chk2, also known as loki) rescues some defects of the grapes
mutant [22]. Embryos from grapesmnkmutant mothers do not
hatch, but they cellularize, exhibit gastrulation movements,
and activate zygotic transcription. Using this less pleiotropic
double mutant that still cannot confer Chk1 phosphorylation
on substrates, we tested whether String and Twine proteins
were degraded normally in maternal mutant grapes mnk
embryos. String protein declined between cycles 12 and 13,
delayed one cycle compared to wild-type. Destruction of
Twine protein also occurred in grapes mnk mutants (Fig-
ure 5B), though we are unsure of the timing of this destruction,
because we conducted this analysis with fixed embryos.
grapes mnk embryos go through an extra short cycle without
segregating their chromosomes; thus, cycle 14 and 15
embryos cannot be distinguished by nuclear spacing [22].
Because the embryos are cellularizing at the time Twine
protein is destroyed, we suspect the destruction occurs in
cycle 15, which would be a delay of one cycle, or about
12 min later than normal. Though the coordination of MBT
events with cycle 14, including Twine destruction, appears
disturbed in the double mutant, the activation of an abrupt
destruction program for Twine is still observed, leading us to
conclude that direct phosphorylation by Grapes (or Chk1) is
not required for the MBT-associated destruction of Twine.
Transcription Is Required for Twine Destruction
What other factors might promote the onset of Twine destruc-
tion? One of the most dramatic changes in the embryo at the
MBT, aside from the remodeling of the cell cycle, is the onset
of zygotic transcription. The transcripts produced enable
many of the other changes that happen at the MBT, including
cellularization and gastrulation. Moreover, the transcription
of many genes responds to the NC ratio and is delayed
one cycle in haploid mutants [11]. Inhibition of zygotic
transcription prevents the onset of late replication, which
requires the destruction of Twine [1]. Finally, zygotic transcrip-
tion marks a difference between grapes and grapes mnk
double mutants—grapes mnk embryos activate transcription,
whereas grapes embryos do not [22]. This suggested that new
gene products expressed upon reaching a critical NC ratio
could be an important trigger for the destruction of Twine.
Thus, we assayed Twine levels in embryos injected with
a-amanitin, a toxin that inhibits RNA polymerase II, or injected
with both a-amanitin and cycloheximide, inhibitors of tran-
scription and translation. In vehicle-injected embryos, Twine
declined rapidly after the MBT (Figure 5C, ‘‘PBS’’), but, in
embryos injected with a-amanitin, Twine protein was not elim-
inated. It persisted more than 35 min into cycle 14 with no
apparent change in protein level (Figure 5C, ‘‘a-amanitin’’).
Embryos injected with both a-amanitin and cycloheximide
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Figure 4. The Onset of Twine Destruction Responds to the Nucleocytoplasmic Ratio
(A) Western blot comparing destruction of Twine in Sevelen (WT) embryos and maternal haploid embryos (mh). The cycle and time in cycle 14 (determined
visually on the microscope) is marked above each lane.
(B) Western blot showing destruction of Twine in haploid ssm embryos. Time in cycle 14 or 15 is marked above each lane.
(C) Immunofluoresence showing Twine destruction in cycle 15 in ssm embryos. Twine (anti-Twe) is shown in green, and DNA (PicoGreen dye) is shown in
magenta. Micrographs are labeled with cycle, nuclear length (mm), and calculated time in cycle 14 or 15 (min) (see Figure S2). Twine staining is signal that
colocalizes with nuclei, whereas signal below the nuclei is fluorescence from the yolk.
(D) Western blot showing Twine stability in embryos arrested with dsRNA against the mitotic cyclins. Lanes are labeled from top to bottom with the cycle in
which the embryo arrested, the number ofminutes since it entered that cycle, and finally a calculated time, describing how far into cycle 14 the embryowould
be if it had not been arrested. Controls: a pre-MBT embryo (pre) and an embryo in cycle 14 after Twine destruction (late).
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122(Figure 5D) showed a gradual decline in Twine (half-destruc-
tion took longer than 28 min; Figure S3), similar to the destruc-
tion rate wemeasured for Twine in cycle 13. Thus, the addition
of drugs that block gene expression prevent the MBT-associ-
ated increase in Twine turnover in cycle 14. Because the slow
turnover of Twine in the absence of protein synthesis (Fig-
ure 5D) is similar to the turnover in pre-MBT cycle 13 embryos,
we conclude that new zygotic gene expression is needed to
drive the acceleration of Twine turnover at the MBT. The
absence of any apparent decay of Twine in a-amanitin alone
seems to occur because, in the absence of cycloheximide,
translation of unusually persistent Twine mRNA [4] replaces
the Twine lost to slow decay.
The tribbles Gene Is a Key, but Not Exclusive, Contributor
to Twine Destruction
Of course, the next major question was to determine the iden-
tity of the zygotically expressed genes involved in Twine
destruction. Published results highlighted the kinase-like
tribbles as a good candidate for a zygotically expressed
gene required for Twine destruction. Tribbles reduced levels
of transfected HA-Twine in cell culture [23], and injection of
tribbles mRNA arrested embryos in cycle 13 [24], which could
be consistent with premature destruction of Twine.
We first verified that Tribbles could arrest embryos. Injection
of tribblesmRNAdid arrest embryos in interphase near the site
of injection (Figure 6A), but, contrary to what was previously
shown, the arrest was not limited to cycle 13; embryos also
arrested in cycle 12, depending on the time of their injection
(Figures 6A and 6B). To seewhether this arrest was associated
with the destruction of Twine, we injected embryos with
tribblesmRNA in one pole, fixed them after 20min, and stained
for Twine. We consistently saw reduced Twine staining near
the site of injection (Figure 6C). First shown is an embryowhere
the tribbles mRNA caused a small zone of cycle 13 arrest
(white arrowhead) and significantly reduced Twine staining in
the half of the embryo near the injected pole. Next shown isan embryo where the tribbles mRNA did not cause an arrest
but the injected end of the embryo showed reduced staining,
indicating that tribbles accelerated Twine destruction. More-
over, this shows that tribbles acceleration of Twine destruction
does not require cell-cycle arrest. We also injected embryos
three times along their length with tribbles mRNA to express
it throughout the embryo and analyzed these embryos by
western blot. We saw significant reduction in Twine levels in
cycle 12 and cycle 13 embryos (Figure 6D), so that they resem-
bled those midway through the Twine destruction program
that normally occurs in cycle 14. These results show that
tribbles expression is sufficient to trigger destruction of Twine
protein. Moreover, consistent with the result that tribbles
expression can induce arrest in cycles 12 or 13, it can also
trigger Twine destruction in cycles 12 and 13.
In addition to being capable of triggering Twine destruction,
tribbles seems to be transcribed at the proper time to cause
the observed program of Twine destruction. RNA sequencing
experiments with single, staged embryos have shown that
tribblesmRNA is upregulated at the MBT [25]. There is a small
amount of maternal transcript loaded, but this begins to
increase, first slightly in cycle 13, then dramatically in the
first half of cycle 14. This is consistent with the very slight
destabilization of Twine protein in cycle 13 and its dramatic
destabilization in cycle 14. Moreover, a microarray study
suggests that the transcription of tribbles responds to the
NC ratio [11]. Thus, the transcriptional profile mirrors what
would be expected of a zygotic transcript that regulated Twine
destruction.
However, although the phenotype of zygotic tribbles
mutants suggested that it plays a role in triggering the MBT,
it did not support the hypothesis that tribbles alone is respon-
sible for the destruction of Twine. A small percentage of
embryos that are zygotically mutant for tribbles have a short
interphase 14 [23], but far fewer embryos than would be
expected if there were no turnover of Twine. To determine
the degree to which tribbles mutants stabilized Twine, we
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Figure 5. Transcription, but Not Chk1 Phosphorylation, Is Required for
Twine Destruction at the MBT
(A) Western blot of String (Stg) and Twine (Twe) in embryos from mothers
mutant for grapes (grp) (theDrosophila homolog of Chk1). Lanes are labeled
with cycle and time after mitosis 13 (measured visually on scope).
(B)Western blot showing normal destruction of String and Twine in embryos
mutant for grapes and mnk (also known as loki, the Drosophila homolog of
Chk2). Embryos are labeled with cycle and nuclear length (mm). Embryos
labeled ‘‘14/15*’’ are either cycle 14 or 15, which cannot be differentiated
by nuclear spacing in this strain.
(C)Western blot of embryos injected with either PBS or a-amanitin, an inhib-
itor of RNA polymerase II. Lanes are labeled with the cycle of the embryo
and the time in cycle 14.
(D) Embryos injected in late cycle 13 with either vehicle (1% DMSO) or
a-amanitin (an inhibitor of RNA polymerase II) and cycloheximide (an inhib-
itor of translation), dissolved in 1% DMSO.
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123injected wild-type embryos with dsRNA against tribbles to
prevent its expression and stained them with Twine antibody
(Figure 6E). These embryos showed continued presence of
Twine protein near the site of injection after it was already
degraded in the rest of the embryo. This suggested that
tribbles expression is involved in the MBT destruction of
Twine. We then injected embryos along their length with either
twine dsRNA or a combination of twine and tribbles dsRNAs.
Knockdown by twine dsRNA prevented further translation of
Twine, allowing comparison of the perdurance of Twine
protein at the MBT with and without expression of tribbles at
the MBT, depending on whether or not it was knocked down
with dsRNA. Twine protein persisted longer (half-destruction
took approximately 20 min) in embryos injected with tribbles
dsRNA than in those that were not (Figure 6F), but it was not
as stable as in pre-MBT embryos (Figure 3C). These results
indicate that zygotic transcription of tribbles contributes to
the destruction of Twine at the MBT. Because it is sufficient
to destroy Twine and its transcription is strongly upregulated
at the MBT in an NC-dependent manner, we suggest tribbles
is one of the transcripts that regulates Twine destruction and
thus the cell-cycle change at theMBT. However, the low-pene-
trance cell-cycle phenotype and only partial stabilization ofTwine in the absence of tribbles suggest that there may be
another gene that participates as well.
Discussion
Our findings outline a linear regulatory cassette that contrib-
utes to MBT timing and slowing of the cell cycle—increasing
NC ratio triggers zygotic expression, including tribbles, which
activates Twine protein destruction. This promotes the down-
regulation of Cdk1, which underlies both extension of S phase
and introduction of a G2.We propose that the primary mode of
Cdc25 downregulation at the MBT is via destruction of Twine
protein, rather than the elimination of its mRNA, as has been
previously proposed. Moreover, we propose that the NC ratio
times cell-cycle slowing by triggering transcription of multiple
genes that act in parallel to downregulate Cdk1 in cycle 14,
including by activation of Twine destruction.
Destruction of Twine Protein Is Critical for the MBT
Slowing of the cell cycle at the MBT—both onset of late repli-
cation and addition of a G2—correlates with the decline in
Cdk1 activity [2, 7, 8]. Premature downregulation of Cdk1
advanced the slowing of the cell cycle, and increased Cdk1
activity in cycle 14 prevented cell-cycle slowing by causing
early replication of late-replicating DNA sequences and early
entry into mitosis [8]. Together, these results argued that the
downregulation of Cdk1 regulates the slowing of the cell cycle.
Cdk1 is downregulated in cycle 14 by accumulation of inhib-
itory phosphorylation that is normally counteracted by Cdc25,
showing the importance of Cdc25 downregulation [7]. An
increased dose of maternal twine, but not maternal string,
generates a low-penetrance extra syncytial division (ESD)
phenotype where the cell cycle fails to slow in cycle 14 [4].
Twine protein is destroyed right at the beginning of the MBT,
and sustained Twine at its pre-MBT level causes a high-pene-
trance ESD phenotype. The elimination of twine transcript
does not remove Twine protein; this shows that the destruc-
tion of Twine protein is a key regulator of the downregulation
of Cdk1 and thus slowing of the cell cycle at the MBT.
Twine Destruction Cooperates with Other Inputs into Cdk1
Downregulation
Previous publications identified other conditions that generate
partially penetrant ESD phenotypes at the MBT and thereby
identified other inputs into MBT cell-cycle slowing. One such
input is fru¨hstart, an inhibitor of cyclin-Cdk that is first ex-
pressed at the MBT [26]. Like the early induction of Twine
destruction, early expression of fru¨hstart arrested the cell
cycle by opposing cyclin-Cdk1, though likely through a mech-
anism independent of inhibitory phosphorylation. Mutants in
fru¨hstart have a low-penetrance ESD phenotype. However,
fru¨hstart acts in concert with the destruction of Twine, as
shown by the intensification of the ESD phenotype when the
maternal dose of twine is increased in fru¨hstart mutants.
Another experiment showed that high levels of cyclin B
injected during the first few minutes of cycle 14 (but not after)
can cause an ESD phenotype [27]. This suggests that cyclin
degradation during mitosis 13 provides a buffer by keeping
Cdk1 inactive early in cycle 14, allowing time for these other
inputs into Cdk1 downregulation—Twine destruction and
fru¨hstart expression—to take effect. However, in the end, all
of these inputs seem to be a set of partially redundant path-
ways that feed into the ultimate downregulation of Cdk1 at
the MBT to accomplish the slowing of the cell cycle.
A C E
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Figure 6. Tribbles Induces the Destruction of Twine Protein at the MBT
(A) H2AvD-GFP showing the cycle 12 and 13 arrests induced by injection of tribbles mRNA into one end (blue arrowhead) of an embryo.
(B) Table comparing numbers of embryos that arrested in cycle 12, cycle 13, or did not arrest (Ø), based on the cycle in which they were injected.
(C) Images of two embryos injected at one pole with tribblesmRNA (blue arrowhead), demonstrating the local destruction of Twine protein near the site of
injection and induced cell-cycle arrest (open arrowhead). Twine (anti-Twe) is shown in green, and DNA (PicoGreen dye) is shown in magenta.
(D) Western blot, probed with anti-Twe, showing decreased Twine in embryos injected with tribbles mRNA, relative to control.
(E) An embryo injected at one polewith tribblesRNAi (red arrowhead), demonstrating local stabilization of Twine protein near the site of injection. Twine (anti-
Twe) is shown in green, and DNA (PicoGreen dye) is shown in magenta.
(F) Western blot, probed with anti-Twe, showing that, in embryos treated with twine RNAi to prevent continued Twine translation, Twine persists longer after
the MBT in embryos also treated with tribbles RNAi. Lanes are labeled with cycle and time into cycle 14, determined visually on the scope. ‘‘1:2’’ indicates
a 1/2 dilution of a sample.
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Several models that involve the titration or rundown of replica-
tive or mitotic factors have been proposed to explain the MBT
slowing of the cell cycle, and such models could generally
be compatible with the downregulation of Cdk. However, the
inhibition of zygotic transcription by a-amanitin invariably
shortened S phase and eliminated G2, which argues against
a direct titration model and instead suggests that zygotic
transcription is actually upstream of cell-cycle slowing [1].
This is in accord with findings that the onset of transcription
of numerous genes is dependent on the NC ratio [11] and
with the findings we present here. It also suggests that if
detection of the NC ratio depends on titration of some compo-
nent, it is likely some form of transcriptional repressor. Despite
zygotic transcription’s importance for triggering the MBT,
thorough screening and genome-wide analysis by chromo-
somal aneuploids has not revealed any single gene that is
absolutely required for the MBT, suggesting that multiple,
partially redundant transcripts work together [24, 28, 29].
This is consistent with the multiple inputs into the downregula-
tion of Cdk1 described above.
The novel expression of fru¨hstart at the MBT obviously
requires the activation of the zygotic genome. However, in
this study, we show that the destruction of Twine is also down-
stream of the activation of zygotic transcription. We uncover
one gene, tribbles, that is sufficient to destroy Twine and is
expressed at the MBT, but it does not seem to be fully
required. Removal of tribbles results in only partial stabiliza-
tion of Twine and a much lower-penetrance ESD phenotype
than would be expected from complete stabilization of Twine.The simplest, but not the only, explanation for this is that there
are one or more redundant, as yet undiscovered, genes also
expressed at the MBT, which compensate for tribbles in its
absence. Regardless, these results show that both major
inputs into Cdk1 downregulation and slowing of the cell cycle
at the MBT are triggered by the activation of zygotic transcrip-
tion at the MBT.
NC as a Trigger of Cell-Cycle Slowing at the MBT
Recent research has shown zygotic genome activation is not
a single event—some genes respond to the NC ratio and delay
transcription in haploid embryos, whereas other genes are
transcribed in cycle 14 regardless of embryo ploidy [11].
Both the slowing of the cell cycle [10], generally, and the
destruction of Twine, specifically, are regulated by the NC
ratio. Both of the identified transcriptional inputs into this
process—fru¨hstart and tribbles—are genes regulated by the
NC ratio [26]. Furthermore, by arresting the cell cycle with cy-
clin RNAi, we show that the capacity to begin accumulating
Twine degradation capability first appears in cycle 13. This
suggests that, upon reaching the nuclear density correspond-
ing to a diploid cycle 13 embryo, transcription of genes that
promote Twine destruction commences, as has been
observed for tribbles. Thus, we propose that the primary input
of the NC ratio into timing the MBT is to activate the transcrip-
tion of a group of genes that collectively act to downregulate
Cdk1.
The mechanism by which the NC ratio can determine the
time of transcription remains a mystery. However, we do think
our experiments eliminate some previously popular theories.
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but each syncytial blastoderm interphase is slightly longer
than the one preceding it [30]. The entry into mitosis aborts
nascent transcripts in progress [31], so one theoretical mech-
anism for limiting transcription until cycle 13 would be to have
a gene that was too long to be fully transcribed in the slightly
shorter preceding interphases. However, if this were the
mechanism limiting the transcription of tribbles, then extend-
ing an earlier, shorter cycle should enable transcription of
tribbles to be completed and trigger premature destruction
of Twine, but we do not observe this when cycle 12 is extended
by cyclin RNAi. Another popular model is that Cdk1 phosphor-
ylation of RNA polymerase II’s C-terminal domain limits its
activity and prevents zygotic transcription [32]. Then, the
progressive decline in Cdk1 activity in the early embryo (e.g.,
due to increasing inhibition by Grapes/Chk1) would release
the inhibition of RNA polymerase and enable transcription to
begin. If this limited tribbles transcription, however, premature
downregulation of Cdk1 should enable premature transcrip-
tion of tribbles and destruction of Twine, but we do not
observe this after cyclin RNAi. Thus some other mechanism
must respond to the NC ratio and govern the onset of the
transcription of tribbles, and presumably fru¨hstart, and thus
cell-cycle slowing.
Not all aspects of theMBT, however, are regulated by theNC
ratio. Morphogenetic events, such as cellularization and
gastrulation, are not delayed in haploid embryos or embryos
prevented from reaching cycle 14 nuclear density by cyclin
RNAi [10, 16]. However, these events are sensitive to the cell
cycle. Cellularization and early gastrulation movements, such
as ventral furrow formation, are disrupted by entry into mitosis
[10, 24, 26, 33]. This means that a properly slowed cell cycle is
a required permissive condition even for many events that are
not directly timed by the NC ratio. Thus, we suggest that the
study of the regulation and activation of zygotic transcription
determined by the NC ratio, especially tribbles and fru¨hstart,
is the next frontier in understanding the MBT.
Experimental Procedures
Considerably more detailed procedures are included in the Supplemental
Experimental Procedures, including strains, constructs, primers, and
detailed protocols.
Twine Antibody
Full-length Twine protein was cloned into pET28, expressed in BL21(DE3)
cells, and then purified using nickel agarose beads (QIAGEN) under dena-
turing conditions. Two rabbits were immunized by Pacific Immunology,
and the sera was then purified against a column loaded with purified Twine
protein.
Western Blotting
Single embryos were either fixed and staged by nuclear length (Figures 2A
and 5B) using PicoGreen (Molecular Probes) or by time after mitosis 13 and
fixed in 1:1 methanol:heptane. Individual embryos were lysed in 23 SDS
sample buffer and blotted using 1:1,000 Twine antibody overnight and
1:10,000 donkey anti-HRP (Jackson Labs).
Immunofluorescence
Fixed embryos (3.7% formaldehyde for 20 min or 1:1 methanol:heptane
for spindle localization) were stained with 1:500 anti-Twine or a mixture
of 1:50 each anti-tubulin AA12.1, AA4.3, and E7 mouse monoclonals
(Developmental Studies Hybridoma Bank) overnight and counterstained
for 15 min with 1:500 PicoGreen (Invitrogen, Molecular Probes).
Embryo Injection
dsRNA was prepared as described [16] and injected at concentrations of
approximately 1–2 mg/ml in PBS. mRNA was produced as previouslydescribed [8] and injected at 800 ug/ml, unless otherwise noted. Templates
for all dsRNA and mRNA are detailed in the Supplemental Experimental
Procedures. Cycloheximide (Sigma-Aldrich) was injected at 1 mg/ml in
1% DMSO. a-amanitin (Calbiochem) was injected at 1 mg/ml.
Supplemental Information
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.
doi.org/10.1016/j.cub.2012.11.036.
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